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By Andre' J- Bbyer, Jr. ad Ebward. F. Calvert

Strain gages were uf!ed to measur8 blade vibrations possfbly
causin@r failure in the lo-stage  compressor of a jet-propulsion
8Q3iZ3'3. t&e seventh and tenth stages were of great concern as a
result of failures experienced by the mmfacturer. swain-&Age
records were obtained ticm all stages during accelera.tion, decelera-
tion,and conf3taIltspeedruns. c-arm08 m-8 pr868nt8d showing the
~sximmnallowable  vibratory stress for a given speed, the chmge of
the damping coefficient w3th the mountin@; of a strain *ge at the
base of the blade, the effect of rotor s-peed on blade naturalfre-
quency, aud the effect of the order of firet bending-mde  tibra-
tion on stress. Itwas foundthatforall stages the lower tie
order of vibrs.tLon -t;he hi&er the stress but no deskuctive vibra-
tions were detected.'

Blade failures ins.nearlyexperimentallO-stage--flow
comgressor of a jet-propulsion engine, presumably caused by vibratTon,
have been reported by the manuf'acturer. %he failures are believed
tohave originated inthe seventhand tentIt stages at high engine
speed snd hi& pressure ratio. A series of vfbration  surveys is
being conducted at the RACA Lewis laboratory to detetine the
cause of these fatlures sad to devise a means of eliminating them.

Littlepu~lished informationis  available onexperimsntal
measurements of the factors that cause blade vibration;  the vibration
characteristics were tlherefore imesti&mX in a jet engIn aer
actual operating cIxd.itcxls. prier to the dyI3smLc imestigation
(reference l), the natural frequencies a& node shapes of various
mdes of blade vibrations were determined and with &ese data,
critical-speed diagmms were plotted for each of the 10 stages of
the compressor rotor (reference 2).
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l31e preli&nary dynamic investigation consisted  in inatrumnting
i&e rotor ad in measuring blade vibrations while the compressor  was
driven by an electric drive mtor. 'Ihe results obtained are presented
in reference  1. Iheda-basre  incomplete foranalyticalusebecause
a drive motor with sufficient power to operate the cczqpressor  at
rated speed for sea-level conditions was unavailable at the time.

'ihe ssme compressor was then reinstrummented and assenibled within
a complete Jet engino in order to continue the vibratim surveys to
msxilmunratedspeedsndpower. Curves are included to show the
effects of both en@ne speed and the orders of excitations  on vibra-
tory stresses and frequencies. Statically determined damping coef-
ficients ard relationa  between vibration amplitude and vibraticmtl
stresses or loads arealsoreported.

Before instrumntation, the rotor used in reference lwas
returned to the manufacturer for ocmplete reblading because the
original set of bladea had been twisted by the manufacturer in an
effort to improve the compressor efficiency and therefore  may have
had different vibration  characteristios  m those engines that
failed.

Ihe ccmpressor  rotor was r8Lnfhrumnted  with the types of
strain gage, lead wire, slip-ring  assembly, and electric cfrcuit
described aPa Illustrated  In reference 1. The only 8ignIficant
changes in the gage installationwere: (1)AII.l gagesweremounted .
on the blades in such a position as to detect tie first bending-
mods vlbraticm, because no torsional- or other si&ficant bending-
mode vibrations were observed in the first dynamic-vibration investl-
gation; and (2) a tramparent, polymeriztig, coil-Qnpregnating
material was substituted for the ceramic cement previously used to
embed the lead wires in the drilled rotor holes. In the Initial
dynamic Investigation  (reference l), data f'rcxn the last five stages
were Inconclusive because many lead wires were torn loose by
centrIfuga1 foroe before ccmpletion of the Investigation.

After tie straingageswereinstalled,  frequency and damping
meaEiuramentswerelpetdetoevs,luate the effect& the gageand its
cement on vibration characteristics. lIhe fkequencies were determined
bythemethod repor.tedaxxdillustratedinreference  2anddamging
values were calculated  from vibration die-am curves produced by
plucking the blade andrecordingthe vibrationwith a capacitance
pickup.
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CChe reblad8d comgmssor was then ass&led in a late production
jet engLne (ffg. 1) and mounted on a sea-1sveL~ test stand. C&e
inletguidevanesFurniahedwi~thisen@lilrstransfe~~~tofthe
compr8ssion1oadfromtherear  stages, inuhLchfail.ureshad  originated,
to the frontsWgest A vsxiable-area clamshell. tail cme was sub-
stituted for the original jetassemblyinanattemgttomakeft
possible tovsrythebackpressure  andconsequentlythepressure
ratio of the compressor.

!Ihe rotor speed was var-led until blade vibrations were indicated
bythe atraIn-gage  ai+, atwhichtime the speedwasheld constant
while photographic records were t&en. ache engine was accelerated
snddecele~tedat4OOrps overt&e entire speed range, permitting
thevibrations  tobuilduptomximmst. while continuous  records were
being taken. ThesmuntofvIbratorystreas ind~catedwas detem&ned
by comparing sfgnal heights recorded with tie heights of sigmls
producedbya  caUbrationinstrmentusing  similar strain~ges.  The
vibratory-stress si@s were corrected  for the frequency response
of the recording equiprmnt.

Loads were applPed at the tfps of the im~nted blades and
correspotilng tip deflections and bending stresses were measured.
%bus the observed vibratory stresses w8re correlated with the tip
amplitudes of the blades.

l%e critical-speed diagrsrss plotted in reference 2 indicated
that the blade failures possibly could have resulted from resonaslt
vibration caused by a fourth-ozder excitation (four force Impulses
per revolution of the rotor) in the seventh stage or by a am-order
excitation in the tenth s-tags. Ekcitfng forces axe generally thought
to be caused either by regulsxly spaced diecontinuities in the air
stream or by load impulses etted mechaui~ fkm vsrious
engine cougmnents. Sources of fourth- snd sixth-order excitations
of either type sxe notreadilyapparentinthe  engine. Four
besring-support arms are inthe front of the en@ne,butitis
doubtful that their effect would be prcmInent in the seventh stag8
sfter iibe airhas churned through the sixprecedingstages. Be
first vibration survey conducted on the compressor  (reference 1)
definitely determIned, however, the presence of fourth- and
sIxi%-order Inpulses, as well as many others in all instzumented
staqes. !be wtity of these fourth- and sixth-order impuLsea could
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not be evaluated in the seventh and tenth stages during the prelim-
inary dynamic investigation  because the reemsnt condltlon  required
speeds higher than those obtainable.

!l!Ile rotor used in this inveStif.$3t~OXl came from ON & the first
experimentaljetunitsa&apparentlyatolerancechangeor  achange
due to the rebladlw caused the natural frequencies of the new blades
to be hi@er than -&ose of the original. blades. It uas found that
the average of the natural frequencies  of the new blades was 9.8 per-
cent higher than that previously determined  in reference 2. !&is
increase in natural frequency and a 4.7-percent  average increase in
frequency induced by the etlffening  effect of the strain-gage instal-
lation made It impossible to reach a fourth- and sixth-order  rescmant
condition in the seventh and tenth stages, respectively, without
dangemmly overspeedhg the engine. Artificial reduction of tie
natural frequenoies my petit atkimmnt of these resonance8.

A critbal-epeed diagram (nmasured tibratory frequency plotted
against rotor speed) showing the Order8 of vibration encountered  is
presentedinfigure2. Ekcitationforceefronthe third to the
seventeenth  order apparently are present tithln the compressor ard
vibrations  causedbythe orderssre exactmultiples&rotor  speed.
Acomparisonofcalculatedandlllsaeuredeffectofcen~~farce
onbladezxAurslf'requencysfinilarto~gure 6 ofreferencelis
shown in figure 3. Crder of excitation is plotted agaIn& measmed
tibratorystzess inflgure4. For all stages,  the luwer the order
oftibratlonthehlgherthe slzessandall  stages showthe ssm
@led slope. All the vibratory skesses plotted are produced  by
first bending-tie tibrations  of the cantilever camqrressor blades.
Each 8teLgehasanexceptlonto the genemltimnd;sanas  orders are
predmInant, others are absent.
(fig. 4(c)), -tJl

For example, in the tenth stage
8 seventeenth  order results in the hi&est stress

whereas the ei&th,ninth,azld  twelfth Uebelowthe tmmd. The
source of the hi& stress at the seventeeni% orderaswellas tie
source of the other exceptions  was UTldetermIned.

The records taken during en&m acceleration and deceleration
gave a canplete account of all vibrations  present throughout  the
epeed range. Wo obviously  serious vibration wae present during
either aooeleraticm or deceleration. The vibratory stresses and
oonsequently  the vibration srnplltudes for the acceleration and
deceleraticar  runs were very nearly equal to those for condltioos  In
which the speed was set end held at the peak-resmanue  point.

The vibrational  streeses thus far obeerved are relatively low
and would not In thEiW8lVSEI result in blade failure. The highest
vibratory stress recorded was f8250 pounds per square inch, which
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l occurred in i&e third stage ti was excited by a fourth-order source.
Ihemximmallowable  Pibratorystress over the range of rotor speeds
is shown in figure 5. Allowable stresses of the intermning  stages
liebetweenthe  curves of the two e&rem stages plotted. Data for
figure5~obeainedfro3ncalculationsof~~vorkl~s-t;ress
(centzifugal  stress plus bending s-&ess) snd the relation given in
reference 3 betweenmsnstressand  totalallowable  stress for the
blade material. Vibratory stresses of a-to =,cQo PO-
per squsm inchsx8necessszyto cause failure of the seventh- aTla
tenth-stage  blades according to figure 5.

Itwas suspected thatpsrtof the cause for thelowmeasured
vlbratorystressesmi~tbe  theadditionaldsqingink&.xedby
the presence of the 8-n w. Ihe dsmpingvalues wererwasumd
at static coalitions  fm bl&des with snd without gages. Inthelast
five stages, the vibmtory s-kesses mi&thave been reduced by gage
fnstallation,  as indicated by figure 6; the information is inconclu-
sive, however, because the effect of rotational forces on damping
properties is unkmwn. 'Ihe inletguidevanesusedalsomayhave
lowered the~vikmticmal stresses as well as the cvssion load,

' consequently reducing the beding sizesses in the rear stages of the
conqressor . 2Beresults of static tests performed to correlate the
vibratory-stress mtudes withthetipsqlitudes  andwithloads
of the blades sr8 shown for the sevenUx etzaa tenth stages in figure 7.
Rtrapolation  of this information itiicates that vibrations with tip
sqlitudes of f0.055 andf0.084 inch must be attained to cause
failure of seventh- and tenth-stage blades, respectively.

When the coqwessor was driven by an elecizic drive motor,
throttlingthe exhaust& thus raisingthepressureratiohada
pronounced effect onthe vibrationaqlitude (refexmcel). 9he
engine used in succeeding investigations  was therefore equipped with
a clamshell amangement providing a variable-area tail cone. A
resonant coudition of 8ngine speed was set, as in the drive-motor
experimsnts,and  the tail-conesmawas varied overthemaximm
range permittedbyallowable  turbine temperatures. No chauge in
vibrationamplitudewas  noticed, however,pro~blybecause  Chevaria-
tion in 3plessure~ratio  vas frms'l7 and because the cmgressor inherently
op8ratednear the pressure ratio that is the mximm obtsinable for
anyparticulsxspeed of the en&m.

Etrorm sn investigation of vibratory stresses in a lo-sixge sxisl-
flow cqpressor coIlducted. by means of strain gages munted on blades
of each stage, th8folhrfngresultswere  obtained:
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r 1. Firstbendixq-mode vibrations were detected at each exact
mltiple of rotor speed froan 3 to 17.

2. Fourth aad six& orders of first bending-tie vibration in
.-the seventh & tenth stages, respectively, could not be measured
without serious overspeedin6 of the compressor.

3. No destructive  vibrations were observed in the rebladed
compressor  throu&mt its normsl operating raqe as investie;ated  in
the complete engine.

4. For all stages, it was found that the higher the order of
vibration the lower the stress. An exception  to the trend was
discovered in each stage.

LewisFli~t PropulsionLaboratory,
Xationsl Advisory Committee for Aeronautics,

Cleveland, Ohio.

1. Meyer, A&&J., Jk., ti Calvert, Howard F.: Vibration Survey
of Blades in lo-Stage Axial-Flow Ccmqgmssor. II--c
Investi~tion. NACA RM No. E8J22a,1949.

2. Meyer, Andre/ J., Jr., snd Calvert, Howard 1.: Vibration Survey
of Blades in lo-stage Axkl-Flow Coqressor. I - Static
Investig&ion. NACA RM No. E8J22, 1949.

3. Nbll, G. C., and Lipson, C.: Allowable Working Stresses. Proc.
Sot. m. S-&ess Analysis, vol. III, no. 2, 1946, pp. 89-101.
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Figure 2. - Critical-speed diagram shoKing measured flrat bending-mode frequencies
for various stages.
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(a) First stage.

Figure 3, - Critical-speed diagram showing measured and
calculated first bending-mode frequencies.
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(b) Second stage.

Figure 3. - Continued. Critfcal-speed diagram showing
measured and calculated first bending-mode frequencies.
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Figure 3. - Continued. Critical-speed diagram showing
measured and calculated first bending-mode frequencies.
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(a) Fourth stage.

Figure 3. - Continued. CrItical-speed diagram showing
measured and calculated first bending-ode frequencies.
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Figure 3. - Continued. Critfcal-speed diagram showing
measured and calculated first bending-mode frequencies.
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Figure 3. - Continued. Critical-speed diagram showing
measured and calculated first bending-mode frequencfes.
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Figure 3, - Continued. Critical-speed diagram showing
measured and calculated first bending-ode frequencies.
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Figure 3. - concluded. Critical-speed diagram showing
measured and calculated first bending-mode  frequencies.
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Figure .4, - Relation of magnitude of observed q  treeaes to order of sxuitation.
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Ffgure 7. - Static stress for blade tip amplitude and
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Figure 7. - Conoluded. Statlo stress for blade tip zuuplftade and
loading.
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